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The National Institute for Occupational Safety and Health (NIOSH) supports the
Federal Communications Commission (FCC) in its effort to update the guidelines
for evaluating the occupational and envirommental effects of radiofrequency
(RF) radiation.

The FCC proposes to modify its RF regulations by adopting new guidelines that
have been developed by the Institute of Electrical and Electronic Engineers
(IEEE) and published by the American National Standards Institute (ANSI).
These guidelines have been designated IEEE €95.1-1991 by IEEE and ANSI/IEEE
C95.1-1992 by ANSI. The frequency range covered by the FCC guidelines is from
3 kHz to 300 GHz.

While the maximum permissible exposure levels defined by ANSI/IEEE €95.1-1992
are similar to those defined by other related publications [NCRP 1986; WHO
1993], NIOSH is concerned about the lack of participation by experts with a
public health perspective in the IEEE RF standards setting process. For
example, epidemiology studies were categorically rejected as not useful in the
process of setting the ANSI/IEEE C€95.1-1992 limits. This lack of public
health perspective creates a weakness in the ANSI/IEEE €95.1-1992 standard
that should be acknowledged by the FCC in adopting these guidelines for
regulating occupational and envirommental exposures to RF radiation.

GENERAL COMMENTS

The provision of a two-tier standard based on "controlled" versus
"uncontrolled" environments is problematic. The designation of controlled
versus uncontrolled depends, in part, on the worker’'s knowledge of both the
exposure level and the related health effects. It is extremely difficult to
assess the level of a worker’s "knowledge" and it is especially so when the
standard does not provide any guidance on training programs or worker
notification procedures. Therefore, the conservative public health approach
would be to adopt only the more restrictive "uncontrolled environment" limits
for all exposed workers and the general public.

The exposure levels that would be set by the standard are based on only one
dominant mechanism -- adverse health effects caused by body heating.
Nonthermal biological health effects have been reported in some studies and
research continues in this area [NCRP 1986; WHO 1993]. The standard should
note that other health effects may be associated with RF exposure and that
exposure should be minimized to the extent possible.

In general, the standard provides minimal guidance on control measures,
appropriate medical surveillance, training, or hazard communication.
SPECIFIC COMMENTS

Specific comments on various sections of the proposed standard to improve

worker protection are as follows. The item number and the page number refer
to the FCC notice of proposed rulemaking.



Page 6, Item 12

Regarding the definition of uncontrolled environment, which states that "there
are no expectations that the exposure levels may exceed...", these
"expectations” need to be based on some measurements or calculations of
anticipated personal exposures. They should not be defined merely by
presumption or past history, in view of the more restrictive guidelines
(proposed) to be used from the ANSI/IEEE C95.1-1992.

Page 6, Item 13

The more "conservative approach" (i.e., one set of exposure limits) is
appropriate, particularly with respect to general public exposure. Thus, if
there is any question about exposure category (controlled versus
uncontrolled), the uncontrolled criteria should be applied.

Page 8, Item 17

NIOSH agrees with the overall approach to hand-held portable devices.

However, NIOSH questions whether it is possible or practical to ensure that
"the radiating structure," which can include not only the whip antenna but in
some cases the body of the cellular phone, is not within 2.5 cm of the body
(e.g., head). If this spacing cannot be assured, exclusions based on radiated
power should not be used. Thus, all cellular phones, with a "radiating
structure” in the handset should require specific absorption rate (SAR)
determinations to demonstrate compliance with the exclusion guidelines. Proof
of such determinations should be submitted as part of the equipment
authorization process.

Page 9, Item 20

The current categorical exclusions (i.e., for cellular phones and two-way
radios) are not consistent with provisions of the ANSI/IEEE €95.1-1992
guidelines, and should not be carried over without new justification. The
current FCC exclusions are based on the 1982 ANSI guidelines, and the FCC
acknowledges that the 1992 ANSI/IEEE guidelines are more restrictive.

Page 10, Ttem 21

Categorical exclusions should be limited to situations where there is no
possibility of excessive worker (as well as general public) exposure.
However, it is not necessary to limit categorical exclusions to situations
where field strengths will never be exceeded. If SAR or induced current
maximum permissible exposures (MPEs) can be met (see ANSI/IEEE C95.1-1992,
4,2.1), field strengths can be exceeded, It is important to monitor the
relative location of workers to the antenna/radiating structures.



If FCC intends to adopt the newer 1992 guidelines and carry over the old FCC
categorical exclusions, an explanation should be provided of the basis for
continuing use of the old exclusions that are no longer supported by the ANSI
guidelines.

Certification of procedures, to preclude working near antennas, would be a
protective approach. Careful determination of the worker’s location, relative
to antennas or metallic structures with RF current flow, is essential before
meaningful SAR or current determinations can be made.

Evaluating exposure of workers within a few feet of a transmitting antenna
must include determinations of SAR as well as induced and contact current in
the body. Workers in these situations are receiving coupled exposures that
cannot be evaluated using field strength measurements alone. It is critical
to carefully determine where the workers are located, relative to the RF
antenna or other metallic structure with current flow. The SAR and induced
current determinations are explained in the ANSI/IEEE €95.1-1992 guidelines
(see pages 13-14, 18-19 of these guidelines).

Page 10, Item 22

Induced body current could be measured for stations operating at and below 100
MHz. A frequency-tunable field intensity meter (e.g., Potomac® FIM-71) could
be used to measure the induced current at and below 100 MHz. On the other
hand, equipment and research are only available for the measurement of contact
current up to 30 MHz. Stuchly et al. [1991] specified circuitry for a human
equivalent impedance operable only up to 30 MHz and the Narda 8870 contact
current meter only operates up to 30 MHz. A human equivalent impedance for 30
to 100 MHz should be developed, along with a practical contact current meter
for 30 to 100 MHz. When developed, the frequency-tunable field strength meter
could be used to determine the contact current flowing through this human
equivalent impedance.

Regarding the split of the FM frequency band, induced current measurements
should be required for up to 108 MHz, even though these frequencies are not
included in the ANSI/IEEE C95.1-1992 guidelines. These frequencies could be
measured with the same technology used at 100 MHz, if the instruments were
properly calibrated.

Page 11, Item 24

The FCC has proposed using the more conservative approach (guidelines for
"uncontrolled environment") when an area of uncertain definition exists.

NIOSH agrees with this approach. If such a rationale were followed in this
case, the lower limits of NCRP (see section 17.4 of NCRP [1986]) or WHO [1993]
would be more conservative at the frequency ranges where such differences
exist. However, these differences are not as important for the FCC-licensed
sources of RF radiation as the inclusion of the induced current restrictions,
which are not found in the NCRP guidelines.



Page 12, Item 25

The NCRP guildance states "If the carrier frequency is modulated at a depth of
50 percent or greater at frequencies between 3 and 100 Hz, the exposure
criteria for the general population shall also apply to occupational
exposures." There are data from in vitro and in vivo research noting effects
under these conditions although the implications for risk to human health are
not clear. It has been shown that modulation of this type (extremely low
frequency, or ELF modulation) exists on amateur radio, microwave ovens, AM and
FM radio, television, air traffic control radars, and LORAN. Further, RF
sources have power supplies that are fed by 60 Hz power mains. The amount of
ELF amplitude modulation (ripple) on the RF carrier depends on the quality or
completeness of filtering on the power supplies. Thus, it follows that many,
if not most signals from RF sources will have measurable ELF amplitude
modulation. Before making ELF amplitude modulation restrictions, it may be
useful to determine the depth or amount of ELF amplitude modulation in other
common RF sources and the ease of making these measurements. The cost and
reliability of such measurements is not clear.

Page 13, Ttem 27

The Commission should require more complete documentation or evidence from
applicants who claim compliance with environmental RF radiation guidelines.
The documentation should include laboratory data with calculations or
measurements to support the claim. The data should be provided in a form
suitable for scientific review, with sufficient detail to critique the method
used to establish that data.

Pages 13-14, Item 28

The ANSI/IEEE C95.3-1992 guidelines for measurement procedures are appropriate
for showing compliance.

Page 14, Item 29

Notes on specific types of equipment have been made elsewhere in these
comments. In addition, the measurement guidelines set forth in IEEE C95.3-
1991 are also relevant here. NIOSH was a participant in the development of
C95.3 recommendations.
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MEASUREMENTS OF CONTACT CURRENTS
IN RADIOFREQUENCY FIELDS

M. A. Stuchly,* J. A. Kozlowski, " S. Symons' and D. W. Lecuyer*

*Bureau of Radiation and Medical Devices, Health and Welfare Canada, Ottawa, Ontario K1A 0L2 and
*Department of Electrical Engineering, University of Ottawa, Ottawa, Ontario KN 6N5

Abstracr—Radiofrequency electromagnetic fields can affect human health not only by direct interactions but indirectly
through induction of charges on isolated or poorly grounded conductive (metallic) objects located in these fields.
A person who touches such an object may perceive a tingling or prickling sensation or heat, or experience pain or
electric shock. For sufficiently large objects, these phenomena can occur at field strengths that are relatively low
and below the health protection limits based on direct interactions. We describe a method and circuitry developed
to evaluate steady-state contact currents that may flow through a person touching conductive objects and give a
summary of experimental tests performed. The method is simple and viable for field tests aimed at preventing pain,
shock, and burn hazards in radiofrequency electromagnetic fields except those related to spark discharges. The

method is applicable up to about 30 MHz.

INTRODUCTION

RADIOFREQUENCY (RF) electromagnetic fields may pose
a potential health hazard at intensity levels that are below
the levels recommended in many standards and which
have been based on direct interactions of the fields with
human beings. This indirect potential health hazard is
due to RF charges induced on conductive ( metallic) un-
grounded or poorly grounded objects. such as cars, buses,
trucks, cranes, fences, located in the RF field. When a
person comes in contact with such objects, two phenom-
ena may occur. Before the person touches the object. a
spark discharge may take place if the charge accumulated
on the object is sufficiently large. After touching the object.
the steady-state discharge current flows through the body,
with the highest current density most likely in the contact
location. Depending on the current density, the steady-
state contact current for low current densities is perceived
as a tingling/prickling sensation below about 100 kHz
and as warmth above 100 kHz. For higher current den-
sities 1t is painful, and for a sufficiently high current, burns
or more serious injury can occur. This problem has been
recognized previously (Gandhi et al. 1985; Guy 1985)
and has also recently found reflection in proposed safety
standards, e.g., the American National Standards Institute
1990 revision* and the Canadian proposal (Stuchly 1987).

Threshold current values for perception and pain
have been measured for both sexes and estimated for chil-

(Manuscript received 15 November 1989: revised manuscript received
24 September 1990, accepted 15 October 1990)

! Personal communication { 1990) with O.P. Gandhi, Department
of Electrical Engineering, University of Utah. Salt Lake City, UT 84112.
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dren at frequencies from 10 kHz to 30 MHz (Chatterjee
et al. 1986; Gandhi 1987). The human body impedance
has also been measured and equivalent circuits developed
(Kanai et al. 1984; Gandhi et al. 1985; Richman 1985).

Since it is rather unreasonable to employ human
volunteers to evaluate whether perception or pain are ex-
perienced when touching various objects in RF fields, a
measurement method has to be developed that electrically
simulates the conditions experienced by a person subjected
to contact currents to ground from a conducting object.
A measurement method of steady-state currents developed
for this purpose, which utilizes the currently available in-
formation on the perception and pain thresholds and on
the equivalent impedance of the human body, is described
and results of laboratory and field tests are given.

MATERIALS AND METHODS

Selecting test conditions

In developing protection standards from potential
hazards from contact currents, one may want to protect
humans from perception or pain. In the proposed Ca-
nadian recommendations, it was decided to establish lim-
its below the perception threshold for children for the
general population and below the threshold of pain for
occupational exposures ( Stuchly 1987). As shown by ear-
lier measurements, these thresholds depend on the type
of contact. Perception and pain occur at lower currents
for finger contact than for grasping (hand) contact (Chat-
terjee et al. 1986; Gandhi 1987). However, since the
impedance of the human body also depends on the type
of contact (Kanai et al. 1984; Gandhi et al. 1985), it is
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not apparent which thresholds and corresponding equiv-
alent impedance should be selected for testing.

We have rationalized that the conditions corre-
sponding to the lowest value of the product of the thresh-
old current, /, and the modulus of the equivalent imped-
ance | Z| should be selected. These conditions correspond
to the lowest potential induced on the object resulting in
perception or pain, and to the lowest strength of the RF
electric field.

The calculation for perception based on the data
given by Gandhi (1987) and the equivalent impedance
for wet contact and a barefooted person (the lowest
impedance) showed that the products /| Z| varied from
nearly the same value at 10 kHz for the finger and grasping
contacts to values about 2.5 times lower for the finger
contact than from the grasp contact at frequencies above
100 kHz. Therefore. finger contact was selected for further
considerations.

From graphs on perception and pain (Gandhi 1987).
the following threshold values were selected for the general
population:

I <150/, for f=0.01-0.1 MHz, (1)

where [ is the threshold current in mA and fis the fre-
quency in MHz, and

I<15, for f=0.1~-100MHz (2)

For the workers:

I <400 f, for f=0.01—-0.1 MHz (3)

and
<40, for f=0.1- 100 MHz. (4)

It may be noted that these values for frequencies below
100 kHz are different from those proposed earlier ( Stuchly
1987). These thresholds are somewhat lower giving a
greater margin of safety. In addition. their formulation is
mathematically simpler.

Based on measurements at frequencies from 10 kHz
to 3 MHz of a relatively large number of male and female
volunteers, and measurements above 3 MHz of a few per-
sons, a fairly complex equivalent circuit for the human
body impedance was proposed by Gandhi and his asso-
ciates (Gandhi et al. 1985; Kanai et al. 1984). This model
provides several options, namely: type of contact (finger
or grasping ); condition of the contact surface (wet or dry);
and shoe wear (barefoot or electrical safety shoes).

For our tests, the finger contact model applies. Fur-
thermore, as explained earlier, we selected to test under
the worst-case conditions, i.e., for the smallest modulus
of the impedance. This leads to the selection of the wet
contact surface and barefoot condition. The simplified
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model derived from Gandhi’s model (Gandhi et al. 1985)
is shown in Fig. 1. This model is representative of an
average man. For an average woman, the modulus of the
total and partial impedances is higher than for the average
man. The use of the model representing the average man
provides an additional safety factor because of the lower
value of | Z{. This equivalent circuit comprises a resis-
tance R,, a component of skin impedance, which is fre-
guency-dependent. From the practical point of view, this
1s cumbersome. We examined the effect of neglecting R,
on the total equivalent impedance ( modulus). The resuits
are shown in Table 1. It can be seen that the differences
are small, and the impedance is lower when R; is removed.

Since Gandhi’s model was based on a limited number
of measurements at frequencies above 3 MHz, we also
considered another model developed for electrostatic dis-
charge (ESD) and applicable to higher frequencies ( Rich-
man 1983). This model is comparable to the dry contact
surface and safety shoes model of Gandhi. Richman’s
model is shown in Fig, 2, and a comparison of impedances
of the two models at frequencies from | to 100 MHz
i1s given in Table 2. The differences are not greater
than 23%.

Figure 3 shows the final circuit selected for testing.
In some occupational situations, the limits imposed by
eqns (3)and (4) may be too restrictive. In practice, some
workers wear electrical safety shoes. Table 3 compares the
impedances of the model for two options, namely barefoot
and with safety shoes. The equivalent circuit for the
impedance of a person wearing electrical safety shoes is
shown in Fig. 4. From Table 3, it is apparent that electri-
cal safety shoes significantly change the impedance only
below 1 MHz, and therefore. the circuit shown in Fig. 4
needs to be used oniy at frequencies from 10 kHz to
about | MHz.

Test circuit measurements

Impedances of test circuits and foot-current sensors
were measured using an automatic network analyzer.®

To evaluate the test circuit for the human body
impedance before it is used outside the laboratory, ad-
ditional laboratory tests were performed. The current
through the finger of a person touching an RF-energized
electrode was compared with the current through the feet.
A diagram of the experimental arrangement is shown in
Fig. 5. The following instruments were used: RF gener-
ators—Wavetek! model 116 at frequencies of 10 kHz to
| MHz, Hewlett-Packard* model 8116A at frequencies of
0.1 to 50 MHz, and Wavetek model 3000 at frequencies
of 1-100 MHz; RF voltmeter—Rohde and Schwarz*
model URVS5: current probe—ETN ** model 94111-2.

The electrode consisted of a square surface of a 1.44-
cm? thin copper area soldered to the center conductor of

$ Model 3577, Hewlett-Packard Inc., P.O. Box 10301. Palo Alto.
CA 94303-0890.

'Wavetek, San Diego, Inc., 9045 Balboa Ave., San Diego, CA 92123.

T Hewlett-Packard Inc., P.O. Box 10301, Palo Alto. CA 94303-0890.

* Rohde and Schwarz GMBH & Co. kG, Miihldorfstotrasse 15, D-
8000 Miinchen 80, Federal Republic of Germany,

** Eaton Corporation, Electronic Instruments Division, Los An-
geles, CA 30066.

an
and
(grc
side
tion
prec
sign
MH
effec

Tab

Freq
M

1
10(



Measurements of contact currents @ M. A. STUCHLY et al.

spreading electrode and contact
resisiance ¥ & impedance —>e— finer —p

549

impedance

B 4T
AV 11
584 34p
Z(f) —p stray capacitance T1p 6
| inger
1
R 169 grasping 296
— AN
yg 430 B 28
- = - AAAA—] | NWN— |—
C l ‘
418 48p 609 33p
barefool
arm
safery-shoe body <+, >
g impedance' ‘—impedance—’ impedance
Ry = 378//a s' = 30a (nF)

Rg' = 37.5°103//a
Rg = 2.45-103/af
R = 0.68-1032,£0.67

s = 28 Ja (nF)

= 70 pF

Resistances in (Q), capacitances in (F),

a in (cm), f in (kHz),

Fig. 1. Simplified model of the human body impedance based on Gandhi’s model (Gandhi et al. 1985).

an N connector of a 50 Q coaxial cable 0.3 m in length
and terminated by a BNC connector. The outer connector
(ground) is only connected to ground on the RF generator
side. OQur experience indicates that a longer cable, addi-
tional connection to ground by a long wire, or any ap-
preciable length of an exposed center connector produce
stignificant artifacts at frequencies greater than about {0
MHz and can cause serious errors in measurements. These
effects include appreciable stray fields in the space around

Table 1. Modulus of the human bodv impedance for finger
contact. barefeet. with and without R,.

[Z1 ()

Frequency

AlZ}:Zi
(MHz) With R, Without R, %)
0.01 1712 1554 -92
0.1 1087 1070 -1.6
1.0 981 979 -0.2
10 675 675 0
100 539 539 0

the electrode extending a few meters away instead of the
fields being confined to about 0.01 m. The effect of stray
field is easily detectable as changes in voltage due to the
presence and motion of objects or persons. The stray fields
then couple directly to the person, and consequently, the
RF current through the feet consists of the field-induced
current and the conduction current through the finger in
contact with the electrode. Other undesirable effects are
the inductance of an additional grounding wire that may
resonate with the capacitances of the electrode and cable.
The long cable through its capacitance and inductance
may also affect the RF generator. All the spurious re-
sponses can be monitored by substituting a known resistor
connected to ground in place of the person and measuring
the currents and voltages as shown in Fig. 5.

The current probe has a 3-dB flat frequency response
from | MHz to | GHz. In order to extend its use to lower
frequencies, a simple calibration was performed using the
same RF generator and RF voltmeter and a resistor of a
known resistance. The current probe response was com-
pared with the current in this test circuit measured as a
voltage drop over the known resistance.
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R, =500Q

(1) ground return
(2) free-space ground

Fig. 2. Richman model of the human body impedance ( Richman
1985).

Foot-current sensors

A foot-current sensor consists of two parallel copper
plates separated by a certain distance. A 10  resistor is
positioned between the plates for measuring the RF volt-
age due to the contact current flow. Similar sensors were
previously used at frequencies below 3 MHz by Gandhi
(1987), Gandhi et al. (1985), and Guy (1985). The foot-
current sensor is placed on a 1-m?* metal plate connected
to ground. This type of sensor has to be carefully con-
structed to operate properly at frequencies above 10 MHz.
The sensor-equivalent circuit consists of a capacitor in
parallel with a resistor ( 10 Q). Capacitance of the capacitor
depends on the surface area of the copper plates, the dis-
tance between them, and the dielectric constant of the
material between them. Obvious requirements are that
the sensor capacitance and the resistor inductance should
be low so that their equivalent series reactances at the
highest frequency are small compared with the 10 Q re-
sistance. Furthermore, the RF voltage has to be measured
right at the connector attached to the sensor as even a
short cable (e.g., 0.3 m) is capable of introducing a large
measurement error. This is why an RF voltmeter must
be used rather than an oscilloscope to measure this voltage.

To illustrate this point, we will describe how small
differences in construction of the sensor affect its perfor-
mance. Two sensors have been built and tested. These
sensors consist of square copper plates of 0.3 m X 0.3 m,
separated by a styrofoam layer 0.1 m thick, and a 10 Q
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low-inductance carbon resistor connected between the
plates to a standard BNC connector. Simplified sketches
of the sensors are shown in Fig. 6. In both sensors, the
BNC connector is mounted on a copper plate attached at
a right angle to the ground (lower) plate of the sensor. In
the first model, designated here as “A,” one end of the
resistor was soldered to the ground of the BNC connector
and the other end to the “hot” end of the BNC connector
and through a section of shielding about 5 mm wide and
0.08 m long; it was connected (soldered) to the upper
plate of the sensor. In the other sensor, called “B,” a copper
strip 0.02 m wide was attached at a right angle to the
upper plate of the sensor, and a chip 10 Q resistor was
soldered between this copper strip and the center con-
ductor of a BNC connector, which was also attached to
the lower (ground) plate.

RESULTS

Foot-current sensors

Figures 7 and 8 show the impedance of the foot-cur-
rent sensors A and B, respectively. For sensor A, a con-
siderable inductive component can be seen. For instance,
at 50 MHz it represents a reactance of 15 Q compared
with a resistance of 10.7 Q. Furthermore, a few low Q
resonances can be seen above 50 MHz. One the other
hand, in sensor B the inductance has been greatly reduced
and the reactance corresponds to the capacitance between
the plates and stray capacitance. However, this capaci-
tance is reasonably small, and at, for instance, 60 MHz
the series reactance representing the parallel capacitance
is 0.25 Q compared with the resistance of 10.7 Q; even at
100 MHz, the reactance is 3 Q and the resistance 12 Q.
Figure 9 illustrates the sensor impedance when a person
(1.62-m, 50-kg female) stands on the upper plate barefoot
without contact with any object. The impedance is af-
fected: however, the changes are small. The total variations
in resistance are within less than 1.5 @, and the maximum
reactance (at 100 MHz) is 3 Q (capacitive). The changes
of the impedance as a function of frequency have to be
considered in evaluating the accuracy of foot-current
measurements using the foot-current sensor described. It
is estimated that the accuracy is approximately +10%.

Test circuit impedance
Circuits shown in Figs. 3 and 4 were built using low-
inductance resistors and high-frequency capacitors to en-

Table 2. Modulus of the human body impedance from the Gan-
dhi model (G) and the Richman model (R) (dry finger contact,

a = 1.44 cm?, safety shoes).
1Z1(®)
Frequency AlZ):\Z)
{MHz) G R (%)
1 1354 1664 =23
3 829 720 13
10 632 513 19
30 559 506 9
100 539 655 -23
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Fig. 3. Circuit for testing contact currents with barefeet. Frequency range. 0.01-100 MHz. All resistors in €,
capacitors in F with the prefixes shown.

sure operation up to 100 MHz. The elements are mounted
on a printed board. and special care has been exercised
in the layout and connections to minimize spurious in-
ductances and stray capacitances. Lead lengths for all
components have been kept as small as possible. and
proper separation between components has been used.
The circuit impedance as a function of frequency is shown
in Fig. 10. A few calculated values (circles) are given for
comparisor.

Additionally. RF voltages on the input and output
terminals of the test circuit. representing human body
impedance connected between the electrode and the
ground plane. were measured as a function of frequency
in the experimental arrangement shown in Fig. 5. Current
through the circuit was calculated by dividing the mea-
sured voltage at the output terminal by the modulus of
the output impedance. Then. the test circuit impedance
{modulus) was calculated as a ratio of the input voltage
to the current. These values were compared with those
measured by the network analvzer and shown in Fig. 10,
An agreement within +10% was obtained.

Comparison of foot and finger currents

A test was performed using the expenmental ar-
rangement in Fig. 5 to evaluate the relationship between
the foot current and the finger current. The difference
between them was anticipated on the basis of the equiv-
alent impedance of the human bodyv, as shown in Fig. 1.
It can be noticed that there is a 77-pF capacitor repre-
senting stray capacitance. When the foot current 1s mea-

Table 3. Modulus of the human body impedance for finger
contact barefoot (B) and with electrical safety shoes (S).

[Z] ()

Frequency Al Z1:Z]
(MHz) B S (%)
0.01 1.554 109.000 6,900
0.1 1,070 11.000 928
.0 979 1.350 38
10 675 683 —
100 539 539 —

sured using the sensor described, the current flowing
through the finger is divided between the current flowing
through the stray capacitance as displacement current and
the current flowing through the other branch of the equiv-
alent circuit or in reality through the person’s body and
the feet to the foot-current sensor ( to the upper plate and
then to ground). The ratio of the currents through the
finger and the feet is shown in Fig. 1. These results can
be reasonably attributed to the stray capacitance that var-
ies from the equivalent of about 20 kQ at 100 kHz to 210
2 at 10 MHz and 2! Q at 100 MHz. These values can be
compared with the modulus of the body impedance
(shown in Table 1). An exact comparison is not possible
because of the difference in the dimensions of the foot-
current sensor plates (approximately 0.1 m?) and nor-
mally infinite ground.

To —i—
Test O
Object

1y 34n

-

To RF Voltmeter

(BNC)
R=1.4710"7 7
f in kHz

Fig. 4. Circuit for testing contact currents with electrical safety
shoes. Frequency range, 0.01-1 MHz. All resistors in &, capac-
itors in F with the prefixes shown.
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Fig. 5. Schematic diagram of the experimental arrangement for measurements of currents through the test circuit.

and finger and feet of a test subject (human).

Field 1ests

Field tests were performed at transmitter sites op-
erating at 7.3 MHz and 18 Vm '.and 162 kHzand 7 V
m ' with a Chevrolet Cavalier wagon as a test object. No
sites of sufficient field strengths were available at higher
frequencies. The test circuit was connected between the
door handle of the car and a |-m- copper plate placed on
the ground. Voltage at the output terminal of the test
circuit was measured with an RF voltmeter. Current
through the finger of a person was also measured using a
current probe. Measurements were performed for the
barefooted person standing on the copper plate or directly
on grass. The results of these measurements are sum-
marized in Table 4.

DISCUSSION

[t is apparent from the measurements of the body
impedance circuit (Fig. 10) and the foot-current sensors
(Figs. 7 and 8) that construction and layout of the circuits’
components critically affects their impedance at frequen-

cies higher than approximately 10 MHz. It is also apparent
from the measurements of the foot current vs. finger cur-
rent (Fig. 11) that the stray capacitance of the body re-
duces the current (in this case foot current) significantly
at high frequencies in the tens of megahertz range. A sim-
ilar effect is expected from the stray capacitance of an
object.

The contact current through a person touching an
object is related to the short-circuit current of the object
by the following equation:

I=],—, (%)

where /1, is the object short-circuit current, C, is the object
capacitance to ground (stray capacitance), and Z is the
impedance of the human body. The capacitance C, ranges
from about 800 pF for an average car to approximately
2000 pF for a school bus and 3000 pF for a truck (Guy
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